Summary. Movement characteristics of freely swimming spermatozoa were studied with high-speed cinemicrography. At 21\ s=deg\ C, flagellar beat frequency was higher in midcycle human cervical mucus than in native semen or Tyrode's solution; the beat shape differed, possessing diminished amplitude and wavelength. Although the spermatozoa swam straighter in the mucus, the progressive swimming speeds did not differ in the three media. Swimming speed and beat frequency were linearly related in semen and in Tyrode, but in mucus the linearity was less certain. In midcycle cervical mucus at 37\s=deg\C, beat frequencies and swimming speeds were greater than at 21\ s=deg\ C, but the trajectories were equally straight, and the distances swum per beat (kinetic efficiencies) did not differ.
Introduction
Residence in cervical mucus is an important phase in the process of sperm transport through the female reproductive tract in many mammals. Quantitative information on the kinetics of sperm entry and residence in the cervix and cervical mucus is available for man (Sobrero & MacLeod, 1962; Tredway et al., 1975) , rabbit (Morton & Glover, 1974) and ruminants (Quinlan, Mare & Roux, 1932 ; Mattner, 1963) . It is generally believed that active sperm motility is an essential component of sperm transport through cervical mucus (Overstreet & Katz, 1977) , and swimming speed is therefore a use¬ ful measure of sperm competency, at least in the initial phase of cervix colonization. However, the physical interaction in vivo of ascending spermatozoa with cervical mucus is not necessarily the only process involved ; sperm-mucus compatibility may be reflected by additional measures of the physio¬ logical status of the gametes. For example, flagellar beat frequency is related to intermediary meta¬ bolism (Gibbons & Gibbons, 1972 ;  Lindemann, 1976; McGrady & Nelson, 1976) , while beat shape is associated with the resting membrane potential (McGrady & Nelson, 1972 and the external forces and moments acting upon the spermatozoon (Gibbons, 1975; Brokaw, 1975) .
With the exception of the report of Odeblad (1967) , there has been relatively little study of the detailed movement characteristics of human or other mammalian spermatozoa in cervical mucus.
Visual methods of motility assessment cannot be used to determine sperm movement characteristics with accuracy or precision (van Duijn, Van Voorst & Freund, 1971 ;  Katz & Dott, 1975 Experiments 3 and4. These were performed at 37 ± 0-5cC. The slide preparation procedure was as described above and the mucus, semen, coverslips and slides were preheated. Immediately after pre¬ paration, each slide was placed on a microscope stage maintained at 37°C by a forced hot-air curtain and sperm movement in the mucus was assessed 15 min later.
Sperm movement assessment
Sperm movement characteristics were assessed by high-speed cinemicrography. Films were taken at 100 frames/sec with a Redlake Locam 16-mm camera. A timing light generator, integrated to the camera, provided a precise measure of the framing rate. Dry phase-contrast optics were employed, at a magnification of x200, and the illumination was stroboscopie. Several fields on each slide were randomly selected and filmed for 6 sec. Processed cine films were analysed frame by frame on a Vanguard Motion Analyser. All motile spermatozoa in each filmed field were analysed. Spermatozoa swimming in cervical mucus occasionally came to an abrupt halt, followed by resumption of the initial trajectory or a marked change in direction. Such changes in sperm movement appeared to be modu¬ lated by obstructions within the microstructure of the mucus. The measurements reported here were based upon those portions of the trajectories in which spermatozoa were freely swimming. The following movement characteristics were measured : flagellar beat frequency (obtained from 24 or more consecutive beats) ; total swimming speed (the total distance per unit time traversed by a point at the junction of the sperm head and midpiece, obtained over the same time sequence as the beat fre¬ quency); progressive swimming speed (the distance per unit time measured along the straight line joining the initial and final points of the preceding trajectory); flagellar beat amplitude (in Exp. 1 only), defined as half the maximum transverse displacement of the flagellum with respect to an effective centre line of the beat. The following movement characteristics were also computed on the basis of the preceding measurements : progressiveness ratio, defined as the quotient of progressive swimming speed and total swimming speed, and progressive kinetic efficiency, defined as the quotient (progressive swimming speed)/(beat frequency sperm body length). In the computation of pro¬ gressive kinetic efficiency, the length of the human spermatozoon was taken as 50 µ (Gray, 1973 (Hollander & Wolfe, 1973) . The relationship between progressive swimming speed and beat frequency was studied by linear regression analysis. The data were first analysed independently for each sample in each suspending medium at each temperature. Then the appropriate between-sample variability in the regression lines was examined with pooled regression methods (Snedecor & Cochran, 1967) and when permissible the regression lines were recalculated for the pooled data. Unless other¬ wise indicated, all statistical comparisons were based upon a 5 % significance level.
Results
The quantitative results of the study are given in Regression analysis for individual samples in Exps 1 and 2 suggested a predominantly linear relationship between progressive swimming speed and beat frequency in semen and in Tyrode's solution (P < 0-01 in all cases). An analysis for spermatozoa in semen and in Tyrode revealed no significant differences in the residual variances, slopes or intercepts. The data were therefore pooled to give the regression lines indicated in Text- fig. 2 . From the pooled regression analysis it was found that the slope of the regression line in Tyrode's solution was significantly greater than that in semen. There was evidence of a linear relationship between swimming speed and beat frequency in cervical mucus (Text- fig. 3 ) in Exps 1 and 2 ( < 005 in both cases), and pooling of the data was also permissible. The slope of the regression line in this case was significantly lower than those in semen and in Tyrode. In Exp. 3 there was no evidence of a linear relationship between swimming speed and beat frequency in cervical mucus, but in Exp. 4 the relationship was again predominantly linear (Text- fig. 4 ).
Discussion
These preliminary results indicate differences in flagellar beat shape and frequency, and in the straightness of the trajectories of human spermatozoa swimming freely in cervical mucus compared to semen or Tyrode's solution. This beat can be distinguished during direct observation by the apparent figure-of-eight through which the distal tip of the fiagellum oscillates. We have observed (unpublished) a similar beat shape for human spermatozoa swimming in Tyrode's solution of increased viscosity (addition of 1 -5 % methylcellulose) or in cervical mucus from an oestrous cow, and for rhesus monkey spermatozoa in cervical mucus from a bonnet monkey. The flagellar contraction mechanism is sensi¬ tive to the external forces and bending moments imposed upon the fiagellum by its surroundings. In all likelihood, therefore, this beat shape results from the increased external resistances experienced by the fiagellum during its undulations within the media. In cervical mucus these resistances must origin¬ ate from the local hydrodynamic interactions between the fiagellum and the microstructure of the mucus. (Lighthill, 1976) , and is consistent with the results of Denehy (1975) (Gibbons & Sellwood, 1973 ; Odeblad, 1973) , spermatozoa therein encounter variations in the microphysical environment. Visual data on bovine sperm swimming speed in bovine cervical mucus indicate as much variation within individual spermatozoa as between spermatozoa (Tampion, 1966 
